We propose a new method for fabricating resistively shunted intrinsic Josephson junctions (RS-IJJs). Two mesas, measuring 6 × 6µm 2 and 100 × 100 µm 2 respectively in the a-b plane, have been fabricated in a Bi 2 Sr 2 CaCu 2 O 8+x single crystal with a SiO layer evaporated in-between as an insulator. A gold stripe was sputtered onto the insulator to connect the mesas, thus effectively shunting the smaller one. The current-voltage (I-V) curves of such RS-IJJs have shown the typical behaviour of a resistively shunted junction with greatly reduced hysteresis and voltage jump. Under microwave irradiation at a 3 mm waveband, we have registered three types of Shapiro steps: conventional, sub-harmonic and zero-crossing. In this rapid communication, we discuss the fabrication details, as well as the observations of the Shapiro steps.
Introduction
Strong anisotropic high-temperature superconductors with layered structures, such as Bi 2 Sr 2 CaCu 2 O 8+x (BSCCO) and Tl 2 Ba 2 Ca 2 Cu 3 O 10+x (TBCCO), can be considered as arrays of intrinsic Josephson junctions (IJJs) in series along the c-axis [1] . One of the most interesting problems in this field, from both theoretical and practical points of view, has been the observation of Shapiro steps under external microwave irradiation [2] [3] [4] . Kleiner et al [2] have observed the current steps and attributed them to the mutual phase-locking of many junctions with low critical current densities in a stack. Microwave-induced steps in the surface junctions of BSCCO single crystals have also been reported [5] . In other research, however, chaotic behaviours or steps were observed whose location did not satisfy the Josephson frequency-voltage relationship but strongly depended on the microwave power. These were believed to be due to vortex motion stimulated by the magnetic component of the electromagnetic waves [6, 7] .
It has been well established that one of the possible ways to observe Shapiro steps in IJJs is to use a proper shunt to turn these IJJs into resistively-shunted IJJs (RS-IJJs) [8, 9] . In our earlier work, sidewall gold was employed as a shunting resistor. However, it was difficult to fabricate such a shunting resistor and to control its value. In this rapid communication, we report on a simple yet effective way of fabricating RS-IJJs. Small and large mesas were made on the same single crystal of BSCCO with a SiO layer evaporated in-between as an insulator. A gold stripe was sputtered onto the insulator to connect the mesas, thus effectively shunting the smaller mesa. In comparison with shunting by sidewall gold [8, 9] , this new method of fabrication is simpler and makes it easier to control the shunting resistance. The resulting current-voltage (I-V) curves show the typical behaviour of a resistively shunted junction (RSJ) with greatly reduced hysteresis and voltage jump. In particular, Shapiro steps (including sub-harmonic and zerocrossing steps) have clearly been observed under microwave irradiation from 89 to 100 GHz.
Fabrication details
The fabrication procedure is schematically shown in figure 1(a). Two mesas (measuring 6 × 6 µm 2 and 100 × 100 µm 2 respectively in the a-b plane) were fabricated on BSCCO single crystals by photolithography and Ar ion etching. Each mesa contained about 10-15 junctions, which could be controlled by the etching rate and time. Then, a SiO layer was evaporated onto the sample as an insulator to separate and protect the mesas. After removing the photoresist from the top of the mesas, a layer of Au (50 nm thick) was sputtered onto the sample. Using photolithography and Ar ion etching again, we made a gold stripe to connect the two mesas. The resistance of the gold stripe could be controlled easily by its thickness, length and width. Because of the difference in their areas, the larger mesa had a critical current which was much higher than that of the smaller mesa, thus the path via the gold stripe and the larger mesa could be viewed as the shunt to the smaller mesa. The top view of the finished RS-IJJ is shown in figure 1(b) . Finally, an electric lead was glued onto the exposed top gold on the small mesa by silver paste, while two more leads were glued onto its base. A three-terminal method was used in all the measurements. The contact resistance, which was linear due to oxygen annealing at 600
• C for 5 min, can easily be subtracted from the measured I-V curves. 1/2 , where the critical current density is J c = 350 A cm −2 , the thickness of interlayer d is about 12Å for BSCCO, and the relative dielectric constant ε r is 3.5 [10] .
Measurements
As a first step towards possible applications at high frequencies, the responses of the RS-IJJs under microwave irradiation at a 3 mm waveband (89-100 GHz) have been measured. With different levels of microwave power, three types of Shapiro steps have been registered.
(1) Figure 3 shows the I-V curves with microwave irradiation at f rf = 99.3 GHz. The conventional Shapiro steps with step orders n = 1, 2 have been obtained. They agree well with the Josephson frequency-voltage relationship. (2) The I-V curves at a lower frequency f rf = 89.0 GHz are shown in figure 4 , where the sub-harmonic Shapiro step with step order n = 1/2 is noticeable. With increasing microwave power, it is soon suppressed. (3) With a stronger microwave power also at f rf = 89.0 GHz, the first-order zero-crossing step appears with a step height of 0.45I c (figure 5).
Discussion
In fact, the RS-IJJ is a parallel combination of the shunting resistor and the IJJ. The distribution of the bias current between the shunting resistor and the IJJ depends on the relative magnitudes of the resistances; as a result, the shunting resistor takes most of the bias current because of its low resistance. On the other hand, in IJJs with a mesa structure, the critical current often differs from junction to junction. Thus, during the I-V curve measurements with increasing bias current, a junction with the lowest critical current I c1 can jump to the finite-voltage state first, leaving other junctions still in the zero-voltage state. The gold stripe, in fact, only shunts that with the lowest critical current. The junction with second lowest critical current, I c2 , does not jump to the finite-voltage state until the bias current is increased to I c2 (1 + R 1 /R s ), which is several times larger than I c2 , where R 1 is the equivalent resistance of the first junction when the current passing through it is I c1 . By the same reasoning, the junction with the nth lowest I cn jumps to the voltage state when the bias current reaches I cn 1+ R n /R s . Therefore each junction in the IJJs can be biased steadily. Normally, with a bias current less than the critical current I c1 , there is no influence from the shunting branch. When the bias current is above I c1 , the magnetic field produced by the current passing through the shunting gold stripe affects the system. Because the size of the mesa in the a-b plane was 6 × 6 µm 2 , larger than the Josephson penetration depth λ J = 0.4 µm [2] , Josephson vortices can enter the junction under this weak magnetic field. We attributed the observed sub-harmonic Shapiro step to the fact that the motion of the Josephson vortices along the junctions was phase-locked to the high-frequency signal [11] . With the increase of the external microwave power, the enhancement of the phase-locking between external irradiation and Josephson oscillation quenched the sub-harmonic Shapiro step.
In our measurements, zero-crossing Shapiro steps have also been obtained. They were suppressed with increasing irradiation power. As we know, to observe zero-crossing steps we usually need (f rf /f p ) 2 1. For (f rf /f p ) 2 1, steps appear only when the external irradiation is sufficient to completely suppress the critical current; and none of the step amplitudes ever exceeds a small fraction of I c [12] . In the I-V characteristics shown in figure 5, 2 1 were the case, it was not very far from the latter. Thus, behaviour not very far from that of (f rf /f p ) 2 1 would seem reasonable. When the critical current is suppressed by high microwave power, the zerocrossing steps are noticeable, and the maximum first-order step height is 0.45I c , which is only a small fraction of I c and a little smaller than that in (f rf /f p ) 2 1, which is 0.58I c .
Conclusions
Using a gold stripe to shunt IJJs in BSCCO, we have been able to fabricate RS-IJJs. The I-V characteristics have shown the typical behaviour of a single resistively shunted Josephson junction, with hysteresis and voltage jump greatly reduced. Three types of Shapiro step have been registered with irradiation at a 3 mm waveband. Due to the motion of Josephson vortices being phase-locked to the irradiation, the sub-harmonic step with order n = 1/2 was observed but was quickly suppressed with the increase of the microwave power. Zero-crossing Shapiro steps were observed at f rf under high microwave power while (f rf /f p ) 2 ∼ 0.8. Also, the maximum normalized step height of the zero-crossing steps was 0.45I c , a little smaller than the maximum for (f rf /f p ) 2 1. This agrees well with the qualitative explanation for the observation condition of zero-crossing steps [12] .
The fabrication process developed here is simple and the shunting resistance is easily controllable. In particular, we would like to point out that both the repeatability of the fabrication and the yield are satisfactory. For example, out of five samples made in one batch, four samples have shown typical RS-IJJ behaviour, indicating a success rate of 80%. It seems possible to use such RS-IJJs as on-chip detectors to detect high-frequency emissions from intrinsic long junctions. Further work in this direction is now underway.
